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Abstract

In this paper we investigate tours of the Jovian satellites Europa, Ganymede, and Callisto
for the Europa Orbiter Mission. The principal goal of the tour design is 1o lower arrival
V. for the final Europa encounter while meeting all of the design constraints,  Key
constraints arisc from considering the tolal time of the tour and the radiation dosage of a
tour. These tours may employ 14 or morc encounters with the Jovian satellites. hence
there is an enormous number of possible sequences of these satellites 1o investi gate. We
develop a graphical method that greatly aids the design process.

Introduction

The Furopa Orbiter Mission is currently scheduled to
arrive at Jupiter by the end of the decade. The wmission
will investigate the possibility that liquid oceans may
exist beneath the surface ice of Europa. It will attempt to
ﬁ]up these regons of liquid water for follow-up missions
10 Europa.  The recent discovery ol lifc in the icc of Lake
Vaostok, a lake deep beneath the Antarctic ice cap, lends
impetus to Europa missions with the suggestion that life
may be possible on Europa.!

In order to place the spacecrall into orbit ahout
Europa, the armival V. must be reduccd as much as
possiblc priar to orbit insertion. This paper investizates
the problem of lowering the arrival V,, with a towr (i.e. a
scquence of gravity assists) of the Jovian satcllites,
Europa, Ganymede, and Callisto.

This tour is only one phase of the Europa Orbiter
mussion.  After arriving at Jupiter, a mancuver will be
performed 1o capture the spacccraft about Jupiter in an

orbit that encounters Ganymede. Our tours start with
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After the tour
reduces the final arrival V.. at Europa, thc endgame

variations of this Ganymede encounter.

begins. The endgame is designcd by the Jet Propulsion
Laboratory (JPL) 10 usc a combination of Europa flybys,
small maneuvers, and 3-body effects to reduce the encrgy
ol the orbit further prior to the orbit insertion maneuver
(Sec Johannesen and D’ Amario)?.

Constraints for Tour Design

Tauble 1 Initial conditions at Ganymede

Launch V.. Periapsis Period
Period  (knvs) (R;) (days)
Early 8.18 98 200.2
Middle 8.47 94 199.7
Late §.14 9.8 1914

We start with a set of initial conditions at Ganymede.,
which vary depending on when the Orbiter is launched
from Earth. JPL categorizes these conditions as “latce.”
“muddle.” and “carly” launch period.  Typicad initial
couditions [rom each launch period are included in Table
L. In Table 1. launch period ranges from 11/10 to
1172572003, and results in arrivals at Jupiter from 2/2R to
12/05/2007. Swarting from initial conditions such as those
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in Table 1, we then proceed 1o design the tour subject to
various constraints.

There arc many constraints thut must be met by the
tour. Most important is to have as low a V,, at Europa as
possible. Based on the Hohmann transfer
Ganymede to Europa the lowest bullistic V,, achievable is
1.49 km/sec. Pcnapsis of any orbit m the tour must be
greater than 8.8 R, (Tovian rudii), 1o mitigate the clfects of
radiation exposurc. Flyby altitude al cach satellite must
be greater than 100 kun at cach satellite in geperal, and
must be greater than 200 ki duning the first flyby of any
satellite, in order tu avoid crashing into the surface due (o
navigauonal uncertaintes. While in transit between any
two satellites. the spacceraft must not approach within
50,000 km of any third body (i.c. a “non-targeted”” [lyby)
in order to avoid perturbing the orbit too much. Another

[rom

design constraint s 10 minimize the total number of
flybys. since each [lyby may rcquire a slight correctional
delta-V. No close flybys are allowed when Jupiter is in
solar conjunclion. Jt is highly desired that the tour should
be completed while the spucecraft is within 5 AU of the
Earth. The combination ol the solar conjunction
constraint and the 5 AU constraint limits the time of flight
for the tour to a period that varics Irom roughly 280 to
300 days, depending on whether the tour is from the late,
middle or early launch period, Each leg of the tour must
pass throngh apoapsis to allow for trijectory corrcction
maneuvers.  Finally, cach tour must end in a resonant
orbit with Eurapa,

Tablc 2 Maximum V.. for a given resonance’

Resonance V_ (km/s)
311 3.2
3:2 3.6
2:1 3.0
5:3 3.1
4:3 1.8
6:5 1.2

The endgame follows the tour. The endgamc consists
of a series of Europa flybys combined with a maneuver at
apnjnvc.:. The maneuvers raise perijove and lower V,,
whilc the flybys reduce the period. There 1s a prximum

2

V.. desired for a given final resonance acticved by the
tour’, as shown in Table 2. For cxample, for a 4:3
resonancc (4 spacccraft revs © 3 Europa rcvs) the arrival
V., at Europa should not exceed 1.8 knvsec. On the other
hand, a 6:5 rcsonance requires a V.. of less than 1.2
km/sec. which is not achievable ballistically. Since it is
possible v achieve less than 1.8 km/sec at Europa for the
4.3 resonance, most tours end with a 4:3 resonance.

Solution Approuch

Tour 99-02
=l
E= Europs
Gz=Gsn
C=Calfisto
o
\\
.\_.\' \\
‘\___\‘\s ‘ J
——%

Figure 1 Bascline tour form Europa orbiter

STOUR (Satellite Tour Design Program) is a sofiware
ool that was developed by JPL. for the Galileo mission
It has been cnhanced and extended al
Purdue to enable the automaled design of gravity-assist

tour design”.

tours in the Solar System as well as the satellite system of
Jupiter'®.  STOUR uses the patchcd-conic method tor
calculate all gravity-assist trajectorics mccting specificd
réquirements.

We use STOUR as our principal tool for the design of
Eurnpa Orbiler tours.  From a starting condition al
Ganymede, STOUR finds trajectonies for a given path, i.c.
a scquence of gravity-assist bodies. The massive number
of trajectories produced by STOUR must be sifted
through 10 find viable tour candidates.

Tour 99-02 (the second tour we discovered in 1999)
uscs 15 flybys of Europa, Ganymede, and Callisto (Figure
™. Even with the initial position and velocity speaified,
there are tens ol thousands of possible tours that follow
specificd path. The caleulation of thesc can take wecks
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for a single path. When we consider that there arc 3" (1.6

‘million) possible paths that begin at Ganymede and reach
Europa in 15 flybys, we sec that the problem ol
caleculating all possiblc tours is intractable with current
computer lechnology. Clearly, we need to know what
paths have the most promise 10 yield viable tour
candidates before even beginning an STOUR run.

We hegan tackling this problem by choosing paths by
trial and error tcmpered with engineering judgement. For
instance, we could lower the spacecraft’s period and thus
decreasc the total energy relative to Jupiter in an attempt
lo reduce the Anal arrival V., at Europa. A serics of
pump-downs with Ganymedc would accomplish this
quickly, but would also quickly lower the perapsis into
the hazardous radiation environment (i.e. the
spacecraft). We could then madify this path ro include
Europa and Calliste. Following such logic, we found that
although Europa has less gravity to assist us, it is able (o
reduce period mare than Ganymede for the same decrease
in periapsis height. We ulso noticed that Callisto is very

fry

handy for raising petiapsis. as it can do so with the lowest
cost in increased orbit period. If we combine these
satclites in the right order (e.g. Ganymede-Cal)isto or
Ganymede-Furopa-Callisto), we could reduce period and
periapsis at the end of a sequence of satellite flybys. The
identification of useful path segments such as these took
months of experience with the problem.

e Ay e Calists VB e (K MO AN By 10 ke fytyy
7 . :

9 10 " 12 13 14 15

Figure 2 P-r, plot

To improve this mal and crror method. we next
conducted exhaustive scarches through all possible Ffive-
body path segments for the beginning of the tour. Even
limiting the paths to five bodics left us with a
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computationally intensive and Ume cOnsuming process
which needed ta be repeated for cach different imtial
condition at the {irst Ganymedc encounter. Moreover. the
results of this endcavor were hard to interpret. A key
question is how to characterize what will end up being a
good tour alter only five flybys. One figure of merit is
the V,, at the fifth flyby, but it is difficult 10 draw
comparisons bciween the’ final V.'s of path segments
endiny at different satellites.

During the initial process we found that tracking both
peniod and periapsis could often identify interesting path
scgments. Since the satelliles we are working with are in
almost circular orbits about Jupiter, period and peniapsis
prescribe both the spacecraft’s orbit about Jupiter and the
V... at each satellite.

This ohservalivn suggests the “P-r,” plot (Figure 2).
This is a plot of period versus perijove for orbits with less
than 200 day periods that meet the perijove constraint (>
8.8 Ry). The plot shows contours of constant V., for each
salellite, assuming circular, coplanar orbits. A gravity
assist rotates the V, vector of the spaceceraft along onc of
these contours modifying the orbit about Jupiter. Where
contours from different satellites interscct, there exisis a
transfer between those satcllites. These contours give the
values of V. at cuch satellite for this transfer arc. This
provides a method for comparing the V. at diflcrent
bodies.

If we constrain the flybys to have a minimum altitude
of 100 km above the surfacc of the sarcllite, we are
limited in how far we can gavel along a contour in one
flyby. This is illustrated on the plot by tck marks, From
onc tick mark on 4 contour we may move a maximum of
the distance to the next tick mark up ur down that contour.
The tick marks also can help us judge how far one flyby
can move up or down a contour even when not starting
from a tick muark.

We can now scc on the pilol in a few minulcs what
before took months. Remembering that our goal with the
tours is to decreasc the spacecraft’s period but still keep
the periapsis high, we can see that Europa is most
effective in lowering penod with a minimal cost in
penapsis ‘height by the slopc of its V. contours.
However, duc to the distunce between the tick marks,
Ganymede is much more effective in lowering period
with a singlc flyby. The slope of Callisto’s contours show
that it is the best choice for raising periapsis as it costs the
least in terms of increased period to do so.

AMERICAN INSTITUTE (F AERONAUTICS AND ASTRONAUTICS

Cldnge



0o

1000

WED 15:17 FAX 765 4984 o307

With one of thesc charts and a pencil, a tour designer
can quickly sketch out a promising path for analysis in
STOUR. Also, known tours can be plotted and examined
for possible improvements.

The Por, plots can be derived from Tisserand’s
criterion.  Tisserand showed in the 19 cenrury' that
comet orbits perturbcd by Jupiter's gravity will sausfy
Jucobi's integral. The resulting cquations can he solved
and plorted on a P-t, plot. We used Tisserand’s critcrion
to verily our P-ry plots,
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Figure 3 Hohm:auaon transfers

Figwc 3 shows the Ganymede-Europa, Callisto-
Ganymede, and Callisto-Europa Hohmann transfers.
These orbits provide a lower bound of 1.49 knvsec lor
amrival V.. at Europa. The chart shows this can only be
achieved via muitiple Ganymede-Europa arcs at the end
of a tour as oppuscd to directy after a Callisto flyby.

We arc currently extending Lhis method 1o search for
the fastest possible path to Europu as well as low radiation
paths to Europa. This involves devcloping softwarte to
automatically traverse the P-ry, plots to find possible paths
wnd calcalate a cost for those paths,

Results

Altogether, we discovered 35 tours in 1999. Tour 99-
02 (see Figure 1) is currently being used as a bascline by
JPL. The detils of Tour 99-02 are in Table 3.

Tour 99-02 is onc of our earlier tour designs, where we
rehied primarily on trial and error to discover and link
promusing path segments. A good cxample of such a
seament is the first S flybys of Towr 99-02. We start out
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with 3 Ganymede resonances, followed by a Europa-
Cullisto combination. This pattern of multiple Ganvmede
flybys followed by a Europa-Callisto puiring accounts for
the great majority (19) of tours we discovered for the
early launch period initial conditions. For low radiation
tours, we would like the periapsis to remain as high as
possible.

Table 3 Tour 99-02 summary

Eveat #/ V. Pcriod r, Time

Satellite (km/s) (days) (Rjy) (days)
1/Ganymede 7.85 64.3 10.3 0
2/Ganymede 7.85 5.7 9.6 64
3/Ganymede 7.86 21.4 8.6 100
4/Ganymede 7.86 27.8 9.1 122
S/Europa 5.11 20.4 9.0 151
6/Callisto 6.39 231 9.8 169
7/Ganymede 7.10 16.7 9.1 193
8/Eurapa 474 177 91 211
9/Europa 4.73 16.5 9.1 229
10/Callisto 575 22.0 114 247
11/Ganymede 5.85 143 10.3 268
12/Ganymede  5.85 10.8 93 282
13/Europa 334 10.6 9.3 303
14/Buropa 3.3 8.8 9.1 313
13/Europa 3.29 7.1 R9 33]
16/Europa 3.28 338

An orbit with a periapsis above 12 R, essentially does
not contribute to the radiation hazard®. The periapses in
Tour 99-02 never exceed 12 Ry, and are rarely greater
thun 10 R,, bceause when we designed Tour 99-02
The flybys of
Europa on events 8 und 9 apprcciubly increase the

radiation was not an official constraint.

radiation dosage of Tow 99-02. Since Europa has a semi-
major axis of approximately 9.4 RJ, any flyby of Furopa
will have a significant radiation dosage. Tor this rcason,
our later lours avoid going to Europa untit the end of the
tour. However, the early flybys of Europu in Tour $9-02
do scrve a purpose. A glance at the P-Rp plot (Figurc 2)
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will confinn that Europa can cfficiently pump down the
orbital pcnind with only a slight lowcring of the periapsis.
Tour 99-02 achieves a hinal V., of 328 km/sec, which
incets the maximum constraint of 3.50 km/sec ipposcd hy
JPL. Luter tour efforts achieve lower Vg, bul at a cost in

time of flight.

Table 4 Tour 99-35 summary

" dosage.

Event #/ V.. Pcriod DPerijove Time

Satcllite (km/s) (days) __(Rp) (days)
1/Ganymcede 5.99 501 12.5 0
2Ganymede 5.99 30.5 11.9 50
3/Calhisto 6.31 41.9 135 84
4/Canymcde 4.93 215 12.6 124
3/Ganymede 4.93 13.3 114 145
6/Callista 3.93 18.0 149 135
7/Ganymede 2.37 107 13.9 194
8/Ganymedc 237 7.2 11.7 215
9/Ganymede 2.37 5.5 9.1 222
10/Europa 2.45 52 9.0 232
11/Ganymedc 1.59 53 94 245
12/Europa 1.64 4.7 9.33 253
13/Europa 1.62 267

We used P-r, plots to discover Tour 99-35. First, a
promising path for the tour was selected [rom the P-Rp
plot and evaluated interactively (in STOUR) to test its
effectiveness. We uscd this run in conjunction with Lhe P-
R, plot to adjust our selected path as nocessary, Finally,
the sclected path was used as the basis of an automated
search in STOUR. Tour 99-35 is listcd in Table 4.

With Tour 99-35, we were trying to limit the number
of flybys and maintsin a high periapsis for fow radiation.
Consequently, we slurted Tour 99-35 with the highest
periapsis possible. This turned out to be a periapsis of
13.2 R; for an initial condition from the latc launch
period. The use of the P-rp plot paid off nicely, as Tour
99-35 has the lowest time of {light of any tour we
discovered. Tour Y9-35 also has a final arrival V, of 1.62
km/sec, which is about as close to the Hohmann limit of
1.49 km/sec as we have been able to achieve.  The
radiation environment during Tour 99-35 is exccllent
through cvent 10, and if we had stayed at Europa on event

5

10, Tour 99-35 would have an exceptionally low radiation
However, we chose to tack on un additional
Ganymede-Europa scqucnce to lower the final amival V,,
from 2.45 km/sce to 1.62 km/sec (a considerablc
improvement).  Conscquently, we take a hit in radiation
dosage onevents 1] and 12.

The respective paths of Tours 99-02 and 99-35 appcar
in the P- rp in Figure 4. A comparison of these tuurs
demonstrates the efficacy of the P-r, plot. The path of
Tour 99-35 is represented by dashed lines; that of 99-02
by solid lines, From the point ol view of path sclection,
we can see a clear inefficiency in Tour 99-02 for events
G3 and G4. G3 pumps all the way down to a periapsis of
8.7 (which is a slight violation of the Ty constraint), and
then G4 pumps up to a transfer to Europu (E5). Instead of
this roundabout method of reaching ES, in rctrospect we
could have simply used the G3 transfer to reach Europa,
thus saving a flyby and reducing the radiation dosc. A
similar inefficiency for Tour 99-02 occurs with the ES
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Figure 4 P-r, comparison of Tours 99-02 und 99-35

and E9 Nlybys. On thc other hand. Tour 99-35 procceds
smoothly [rom initial condition to final arrival. Therc is
very little “wasted movement™ ar meandering about the P-
rp plot. Furthermore, in general each fyby in Tour 99-35
moves farther along a V,, curve than the Aybys of Tour
99-02, implying more efficicnt use of each Hyby. Thus,
the use of the P-r, plot helps us in two particular ways.
First, we can always sclect the next best event in a patl.
Sceond. since we have a good way of selecting a path,
each flyby can be wore cllcctive (move farther along a V.,
curve). In addition, the P-r, plot can also be used to
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Figure § P-rp plot of initial conditions

evaluate the cfficacy of an cxisting tour at a glance. The
result, as can clearly be seen in Figure 4, is & shorter,
more cificient tour.

Tour 99-35 also benefits from having a better initiul
condition. When we designed Tour 99-35, our goal was a
lower radiation dosage, so we selected the highest initial
Ty that we had availablc. All the iniual conditions that we
uscd for tour design are plotted in the P-r, plot in Figure
5. Thc beginning launch period initial conditions sre
marked with a “B”, the middle launch period initial
conditions with an “M", and the late launch period initial
conditions with an “L". By comparing the positions on
the P-r, plot of the beginning, middle, and late launch
periods, we can see that the initial GGEC sequence for
most of our beginning launch period tours tuitively
makes scnse. Given the low periupsis, we necd to pump
down quickly o gel to one of thc Harter Callisto V
curves, which are efficient at increasing periapsis while
not increasing period too much. We can also see that
since many of the middlc and latc launch periods start
with higher r, valucs, we can reduce penod somewhat
more at the beginning of the tour without lowering the
penapsis too much (and thus our radiation dosage is much

lower), (Of course, there is a delta-V cost associated with
starting the Lour at a lower periapsis). Also, the time of
flight for the late und middle launch periods is generally
lower, because they start with a Jower V,, valuc. Clearly,
the initial conditions greatly affect our tour design
stralcgy.

Table 5 lists the best tours for amival V.. tme of
{light, radiation dose, and number of flybys for each
launch period. The table does not include tours that had
better performance but violated either the flyby altitude,
non-targeted. or solar conjunction constraints Onc issue
that has not been addresscd in detail is phasing (i¢. iming
between the jovian satellites and the spacecraft orbit).
Phasing can significantly affcet the performance of a tour.
The P-r,, plot does not address phasing or Uming issues at
all. Hence, while a path may look promising on the P-r,
path, STOUR may not be able to find viable tours.
Phasing tends (v become more of an issuc towards the cnd
of the tour, when the ¢nergy of the spacecraft orbit is low
and fewer transter arcs between satellites are possible.

Given the combination of V., and low radiation
constraints, we almost always want our last Callisto-
Ganymede uansfer arbit 1o have 3 penapsis as close to
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Ganymedc's semi-major axis (14.971 R,) as possible
(since we arc trying to achieve a Hohmann tansfer
between Callisto and Ganymede). In practice, duc 1o

Table 5 Details of Best Tours

Parameter Early Middle Late

. Atrival Date 99-02 09-23 99.35
(2/01/08)  (7/27/08)  ($/13/0R)

2. Lowest V., 99-33 99.25 99.35
(1.59) (.71 (1.62)

3. Lowest Dosc 99-18 99-26 99-35
(9.2) (8.3) (7.2)

4, Fewcest Flybys  99-04 99.32 99-35
(14) (13) (12)

phasing, the ideal transfer between Ganymede and
Callisto proves clusive, as docs the Jater final Ganymede-
Furopa transfer. In fact, our experience is that the final
sequence of {lybys is much more of « limiting factor than
any other portion of the tour (ie. in the middle of the tour,
many transfer orbits for a given flyby are available, al the
end, only a few).
Conclusions

The process of designing tours for the Europa Orbiter
mission has been considerably streamlincd via the use of
the P-r, plots. Delta V savings exceeded cxpcctations.
The Vo improved from 3.5 kmvsec for the initial tour to
1.6 km/sec for the best casc. Radiation dosage lor the
later tours was reduced up to 70% from the carlier
numbers, and excceded the expectations of the radiation
group at JPL''. P- T, plnts belp remendously with path
selection and insight, and have proven a useful tool in
other gravity assist missions. In the process of designing
and improving the Europa Orbiter mission, we (ound

something with a genceral applicability.
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